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Cellsa b s t r a c t
The value of pH in various parts of protoplasm can affect nearly all aspects of cell functions. Therefore, the
determination of intracellular acid-base features is required in many areas of biological and biochemical
studies. Because of a significant scientific importance of in vivo intracellular pH measurements, various
groups carried out such experiments. In this review article we describe intracellular pH measurements
using two the most sensitive optical spectroscopies: surface-enhanced Raman scattering (SERS) and flu-
orescence. It is reasonable to present these two techniques in one review article because the experimen-
tal approach in Raman and fluorescence experiments is relatively similar. The basic theoretical
background explaining the mechanism of operation of fluorescence and SERS sensors are discussed
and the motivations to carry out intracellular pHmeasurements are briefly described. Future perspectives
in this field are also discussed.
 2021 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Local detection of various species in cells is important in order
to understand the mechanism of their activity. Therefore, precise
methods of quantification of different compounds in biological
samples from large complex organic molecules (e.g. variousenzymes, DNA) to simple inorganic ions (e.g. Na+, K+, Ca2+ or Cl–)
are needed. This obviously facilitates understanding of biological
and dysfunctional processes and, in the next step, allows con-
structing a new tool for the clinical diagnosis. Among other ions,
the detection and quantification of hydrogen cations in living cells
is of particular interest, because of their vital role in physiological
and pathological processes as well as the fact that changes in their
concentration directly affect the normal body and physiological
functions [1] (see Table 1).
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and applications of various in vitro intracellular pH (pHi) sensors uti-
lizing two the most sensitive spectroscopic detection systems based
on surface-enhanced Raman scattering (SERS) and fluorescence (FL)
phenomena. Since the experimental approach in SERS and fluores-
cence experiments is relatively similar, it is reasonable to present
the two techniques in terms of their pH labels, technical operation,
advantages as well as shortcomings. Motivations of intracellular pH
measurements are also briefly described and physical background
explaining themechanism of fluorescence and SERS pH sensing is pre-
sented. In principle, the SERS and FL-based pHi determination relies on
measurements of changes in the corresponding spectra of so-called
pH sensor which is a chemical compound sensitive to pH alternation
of the surrounding environment, on the contrary to the direct deter-
mination of many other compounds in cells, where the detection is
usually based on the measurement of various types of spectra charac-
teristic for the analyzed compound. The fundamental aspect is the
choice of the proper pHi indicators which will response to acidity of
the intracellular environment and give SERS and FL and from this rea-
son it is needed to review molecules required to construct SERS and
fluorescence sensors. At the end of this article future perspectives in
the field of optical in vivo intracellular pH sensors are presented. We
hope that this review will encourage more groups of researchers to
take up this fascinating topic and make it easier for the new groups
to start working in this field of research.Fig. 1. pH of the different subcellular compartments from ref. [60,91].2. Intracellular pH and its significance for the recognition of
cellular dysfunction
Hydrogen ions in cellular compartments come from numerous
biochemical substances and water ionization [2]. The concentra-
tion of H+ ions can affect nearly all aspects of cell function, e.g. cell
metabolism (pH variation can induce changes in the shape of
active sites in enzymes or even denature them), cross-linking and
polymerization of cytoskeletal elements such as actin and tubulin,
proliferation, migration, ability of muscle cells to generate tension
or the work of ion-selective channels [3]. The pH value in different
cellular compartments, body fluids and organs is usually tightly
regulated in a process called acid–base homeostasis [1]. Cellular
organelles like nucleus, mitochondria, lysosomes, endoplasmic
reticulum (ER), Golgi apparatus, lipid droplets and so on, play
important roles in ensuring the smooth progress of cell growth,
proliferation, fission, signal transduction and apoptosis by main-
taining subcellular microenvironments [4]. They are also the main2
sources as well as targets of diverse bioactive species. So, abnormal
pH values in cells and tissues largely influence the normal func-
tions and activities of body, associated with serious diseases such
as cancer and Alzheimer’s disease [2,6–9].
Protoplasm participates in many important physiological and
pathological processes regulating cellular biological functions
[2,86–88]. The dysfunction of organelles leads to a variety of aber-
rant regulations and multiple diseases such as lysosomal storage
diseases, neurodegenerative diseases, neuromuscular disorders,
infectious diseases, auto-immune diseases, glycosylation diseases,
and cancer. Cellular organelles independently control their internal
pH. For example, mitochondrial pH is higher than in cytoplasm
(~8.0 in matrix, ~7.1 in the intermembrane space, IMS) whereas
lysosomes and endosomes are more acidic, i.e. their acidity is in
the range of 4.5–5.0 and 5.4–6.4, respectively. Moreover, a
decrease of lysosomal pH is observed in cancer cells in contrary
to the overall change of pH of the whole cell [89]. But not only
pH of cellular organelles can change independently but also
cytosolic pHi varies in distinct parts of the cell. In general, pH of
the cytoplasm is 7.2 and it is critical to maintain this value for
any given organism [90]. Phosphate, bicarbonate ions and weak
acids and bases present in the cell mainly provide the intracellular
buffering capacity. Side-chains, free amino and carboxy-termini of
amino acids, and proteins contribute to that less than 1%. Indeed,
only histidine (pKa ~6.04) and other imidazoles affect buffering
near neutral pH. For example, approximate pH values of HeLa cyto-
plasm, mitochondria, endoplasmic reticulum, and Golgi apparatus
were determined to be 7.4, 8.0, 7.5, and 6.6, respectively. For com-
parison, the pH values of various eukaryotic compartments and
organelles were reported to be 7.2 for the cytosol, nucleus (due
to membrane permeability) and endoplasmic reticulum, 6.7 and
6.0 for cis- and trans-Golgi cisterns, respectively, 8.0 in mitochon-
dria, 7.0 in peroxisomes, 5.5 in secretory granules, 6.3 in early
endosomes, 6.5 in recycling endosomes, 5.5 in late endosomes,
and 4.7 in lysosomes. A schematic of the averaged pH values for
cellular organelles is shown in Fig. 1 [60,91].
One of the most-known examples of alterations in the intracel-
lular pH is tumorigenesis [2,6,9]. Tumor microenvironment is char-
acterized by slightly acidic values outside the cells (pH around 6.5–
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[6]. These properties of cancer cells are used in the oncologic treat-
ment by a design of nanomaterials targeting the specific pH
regions in cells, e.g., in photodynamic therapy. Also, as acidification
of cellular endosomes and lysosomes is crucial for the correct traf-
ficking of these organelles, the inhibition of this process induces
apoptosis of tumor cells, therefore specific inhibitors of proton
ATPases can be used as anticancer therapeutics [10]. Changes in
the pHi will also influence the activity of enzymes by affecting
the ionization state of acidic or basic amino acid residues, which
may disrupt ionic bonds determining the 3-dimensional shape of
the enzyme. These conformational alterations can lead to inactivity
of the enzyme due to restricted binding of substrates or cofactors.
In addition, the modification of intracellular pH can change the
charge properties of the substrate, so that either the substrate can-
not bind to the active site or it cannot undergo catalysis [10]. In
turn nervous system diseases such as ischemic stroke, traumatic
brain injury, epilepsy, Parkinson’s disease, and Alzheimer’s disease
(AD) show the decreased pH or acidosis at both tissular and cellu-
lar levels. Particularly, some AD-associated enzymes exhibit
altered activity under acidic conditions [7]. The exact pHi in AD
neurons has not been yet determined, but, as shown for brain
ischemia, pHi falls down below 6.5 quenching neuronal activity
and inducing cell apoptosis, amyloid plaques deposition, tau phos-
phorylation as well as inactivation of AD-associated enzymes [8].
These few examples highlight the need of monitoring the intra-
cellular pH, as its changes, although very subtle sometimes, appear
in dysfunctional organelles, cells or their colonies. Nowadays there
are few methods which are employed for this purpose [92], includ-
ing H+ permeable (glass) microelectrodes, emission/excitation of
weak acid fluorescent dyes, nuclear magnetic resonance (NMR)
analysis of metabolites whose resonance frequency is influenced
by pH. Recently, surface-enhanced Raman spectroscopy (SERS)
has been developed for this purpose and can be a good alternative
for routinely used methods [60]. To monitor pH in specific orga-
nelles, fluorescence-based detection is the most common tech-
nique due to its simplicity and high sensitivity, but SERS sensors
are also established toward this targeting.Fig. 2. Reversed extracellular and intracellular pH in cancer cells compared to normal c
cells that is, cancer cells have a higher pHi and a lower pHe than normal cells in acute ac
from ref. [6] under the terms of the Creative Commons Attribution License (CC BY). Cop
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3. Monitoring intracellular pH with the use of fluorescence and
SERS detection
Both fluorescence- and SERS-based pH sensors act through the
generation of light due to emission and scattering phenomena,
respectively. Briefly, pH-sensitive fluorescent probes are fluores-
cent dyes or their conjugates with quantum dots, carbon or
polymer-based nanoparticles whereas SERS probes consist of Au
and Ag nanoparticles functionalized with an organic molecule with
a high cross-section for Raman scattering (Raman reporter). The
dye and Raman reporter possess functional groups whose spectral
properties change due to pH alternation. Then, they are introduced
into cells usually by the endocytic uptake or with the help of cell-
penetrating peptides (CPPs, short peptides with 30 or less amino
acids) having membrane transduction abilities [11]. The incubation
process needs to be optimized to the type of a cell and targeting
organelles. Next, FL and SERS signal from cell cultures is collected
with the use of the corresponding microscopies. The determination
of pH values requires calibration curves showing the relationship
between the signal and pH. Some sensors will be described with
more details in the two following sections.
3.1. Fluorescence
The ability of specific dyes to change their color in response to a
pH change has found widespread application in research and
industry [12]. Fluorescent dyes provide a sufficient sensitivity
required for optical pH measurements inside live cells together
with high ion selectivity which reduces background signal. In addi-
tion, the fluorescence microscope rapidly and simultaneously col-
lects the signal from tens of cells and provides a better spatial
sampling capability than microelectrode techniques. The pH inside
a cell varies by only fractions of a pH unit and any changes can be
so small that dyes must be carefully selected regarding their pKa.
Therefore, FL pH indicators act selectively in acidic environment
(for lysosomal and endosomal pH) and nearly neutral pH (for cyto-
plasm, mitochondria and nuclei). One of the most popular dyes are
litmus, phenolphthalein, phenol red and their derivatives.ells. Cancer cells have a reversed pH gradient compared with normal differentiated
idosis conditions. The pHe becomes even lower (~6.7) in chronic acidosis. Reprinted
yright  2013 Damaghi, Wojtkowiak and Gillies.
A. Jaworska, K. Malek and A. Kudelski Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 251 (2021) 119410The experimental procedure for fluorescence measurements of
pHi is very simple, i.e. cells are loaded with a fluorescent probe,
whose fluorescence signal varies with pH. Usually, dyes are in a
form of acetoxymethyl ester (AM), which is readily permeable to
cell membranes. Esterification with AM groups converts negatively
charged membrane-impermeant acids into neutral, membrane-
permeant ester analogues [13]. A drawback of such a modification
of the dyes is a decrease of their water solubility, so the use of sur-
factants is often needed [14]. Once inside the cell, the AM groups
are cleaved by ubiquitous intracellular esterases, which release
charged species that cannot exit the cell. In recent years, many
review articles summarizing recent developments and achieve-
ments in the field of the pH-sensitive fluorescence sensors have
been published [1,4,15-27]. However, only few are commercially
available, suggesting that there are still some major problems to
solve, e.g., low quantum yield, photodegradation due to long-
term exposure time, low signal-to-noise ratio due to interference
from non-specific binding, autofluorescence or lack of sufficient
selectivity [28].
Additionally, pH indicators can be delivered to specific cellular
compartments either by conjugation to targeting molecules or by
partitioning into more acidic compartments by protonation. Vari-
ous LysoSensorTM probes are synthesized in that way as summa-
rized on a Thermo Fisher website [93]. These probes reach the
lysosomes because of the presence of typical lysosome-targeting
moiety of morpholine in their structure [94]. Also, pH-sensitive
green fluorescent proteins (GFPs) variants that are sensitive to
pH changes allow precise compartmental targeting via fusion pro-
teins partitioning into more acidic compartments by protonation.
After being loaded into cells, fluorescent molecules absorb photons
of light of the appropriate excitation wavelength and then energy
is emitted at a longer wavelength (emission wavelength) than for
excitation, e.g., for LysoSensorTM Blue Excitation/Emission is 373⁄
425 nm, for LysoSensorTM Yellow/Blue: 329/440 or 335/452 nm,
for LysoSensorTM Green 443/505 nm. In Fig. 3, there is an example
of commercially available LysoSensor Green: the structure and flu-
orescence images in aqueous solution at different pH (Fig. 3A) and
relative fluorescence intensity as a function of pH (Fig. 3C, blue
curve) [29].
Unfortunately, most commercially available sensors are just pH
sensitive without the possibility of organelle-targeting and thus
they label any acidic vesicle, making the reagents ‘‘selective” rather
than ‘‘specific” [30]. Moreover, manufacturer specifications lack
detailed information on calibration curves and errors and therefore
it is difficult to judge how reliable is the pH readout below 0.1 unit
(as in majority of publications the calculated/measured/estimated
pH value is given to two decimal places).
A very interesting approach to pHi measurements is an ‘‘on–off”
system instead of the continuous change of the fluorescence inten-
sity [29,31]. X. Ma et al. developed ultra-pH sensitive (UPS) copoly-
mers with sharp pH transitions that are finely tunable in a broad
range of physiological pH [31], justifying this approach that the
continuous change of fluorescence intensity hampers its ability
to differentiate small pH variations between pathological pH
(e.g., acidic tumour pH, 6.5–6.9, and normal pH ~ 7.4) [29]. These
UPS nanoparticles consist of amphiphilic block copolymers (see
Fig. 3b), where PEO is poly(ethylene oxide) and PR is hydrophobic
block with multiple ionizable tertiary amines. At low pH, micelles
dissociate into cationic unimers with protonated ammonium
groups (see Fig. 3d). When pH increases, neutralized PR segments
become hydrophobic and self-assemble into core–shell micelles.
This strategy was successfully employed for measurements of
many biological systems, e.g., differentiation between endosomes
and lysosomes [26].
Also, an interesting approach was shown by Wang et al., where
Janus nanoparticles were modified with 2 different fluorescent4
dyes: rhodamine B and fluorescein isothiocyanate [32]. This
approach improved the calibration curve (ratio of 2 different mole-
cules’ signal instead of 1) providing more precise pH values and an
excellent linear relationship in the physiologically relevant pH
range of 4.0–6.0.
Apart from targeting cytoplasm and lysosomes, more and more
attempts are made to perform measurements in other organelles,
for example mitochondria [33,34]. H. Huang et al. developed a flu-
orescent nanosensor for simultaneous detection and imaging of pH
and O2 species in mitochondria of live RAW264.7 macrophage
cells [33]. CdSe/ZnS quantum dots were encapsulated in a silica
shell and functionalized with a mitochondria-targeted molecule
(4-carboxybutyl)triphenylphosphonium bromide (TPP) and a pH-
sensitive fluorescent dye fluorescein isothiocyanate (FITC). Mito-
chondrial pH was recorded between 5.9 and 7.9.
Despite above-mentioned advantages of FL-based pH sensors,
this method has also some disadvantages making the determina-
tion of intracellular pHi demanding. First of all, photobleaching of
fluorescence features of dyes does not allow for a prolonged expo-
sure of the samples to excitation light and requires careful opera-
tion of the samples. In-activated FL-based pH sensors disturbs
the quantification of FL intensity and in consequence can provide
to false conclusions. Moreover, fluorescence of the pH-sensitive
dye may suffer from interference of an endogenous biological
molecule-triggered background signal and makes multiplex target-
ing of few organelles very difficult. Since pH indicator is localized
only in some cellular structures, other cellular compartments are
not visualized and to do it other staining is required but the incu-
bation of cells with other FL labels can affect the pH. It might also
happen that theoretically pH-sensitive dyes become indifferent to
intracellular pH changes, but may indicate fluorescence activation
by membrane structures [17]. Therefore, this needs to be carefully
tested when introduced into intracellular environment. Another
problem occurring is poor water solubility of some dyes (e.g.,
SNARF derivatives), which makes it difficult to implement for
intracellular sensing of pH in a reliable and convenient way [35]
while enhancing of FL signal by the use of quantum dots is limited
due to their high cytotoxicity.
Even though fluorescence microscopy is the fundamental tech-
nique in many in vitro laboratories, its use for this particular pur-
pose is still limited due to mentioned shortcomings. It has been
already shown that this technique can be complemented by
surface-enhanced Raman spectroscopy (SERS). There are several
reports that have proven a similar effectiveness of SERS and FL or
attempts to design dual-signal sensors [36,37]. Due to (1) ultra-
high detection sensitivity up to the single-molecule level, (2) nar-
row and sharp spectral peaks for multiplex detection, and (3) the
lack of interference in diverse environments, such as oxygen,
humidity, and foreign species, SERS has become increasingly
attractive for the detection of biological species in living cells
and tissues. In the next chapter, the brief overview of the SERS
intercellular pH sensors is given.
3.2. Surface enhanced Raman scattering (SERS)
Raman spectroscopy is a method that enables vibrational
modes of individual bonds to be probed optically and has been
widely employed in various biomedical experiments. While Raman
scattering is a weak effect, for molecules adsorbed on nanostruc-
tured metal surfaces of silver and gold the efficiency of the gener-
ation of Raman signal can be enhanced by up to 14 orders of
magnitude by means of surface-enhanced Raman scattering (SERS)
[38]. The increase in the efficiency of the generation of the Raman
signal in the SERS effect is mainly caused by the increase in the
intensity of the electric field in the close proximity to the illumi-
nated plasmonic nanostructures (as nanostructured gold and sil-
Fig. 3. (a) Structure and fluorescence images of a small molecular pH sensor, Lysosensor Green in aqueous solution at different pH. (b) Structure and fluorescence images of a
ultra-pH sensitive (UPS) nanoprobe, Rhodamine Green-conjugated PEO-b-PDBA block copolymers in aqueous solution at different pH. (c) Relative fluorescence intensity as a
function of pH for Lysosensor Green and PEO-b-PDBA-RhoG nanoprobe. (d) Schematic illustration of pH-triggered binary on/off transition of UPS nanoprobes. Reprinted from
ref. [29]. The figure is from an open access article distributed under the terms of the Creative Commons CC BY license. Copyright  2016, Springer Nature.
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eral, metals with a negative real and small positive imaginary
dielectric constant at the frequency of the illuminating radiation)
are irradiated by the radiation having the proper frequency, the
electric field of the electromagnetic wave induces collective oscil-
lations of surface conduction electrons, called surface plasmons,
which can be treated as oscillating electric dipoles generating addi-
tional electric field in a close proximity of the illuminated nanopar-
ticle. For example, for a spherical metal nanoparticle, the
magnitude of the induced dipole (p) is proportional to [39]:
p
M mð Þ  outðmÞ
M mð Þ þ 2outðmÞ
where: m is the frequency of the used excitation radiation, eM(m)
and eout(m) are the dielectric functions of the metal and the sur-
rounding medium, respectively. When the denominator of this frac-
tion is close to zero, the strong electric dipole is induced, which
leads to a large local intensity of the electric field. It happens, when
the value of eM(m) is close to the value of –2eout(m). The dielectric
function of the metal [eM(m)] is a complex number, and hence, to
better satisfy in full the condition eM(m) = –2eout(m), which would
imply p?1, also the imaginary part of Im[eM(m)] at a given m
should be small. This condition may be fulfilled in some regions
of the visible radiation for example for gold and silver nanoparticles.
In SERS spectroscopy, the increase in the intensity of the mea-
sured Raman signal is roughly proportional to the fourth power
of the field enhancement [40,41]. This fourth power dependence
of the SERS enhancement factor on the field enhancement often5
leads to a very large increase in the efficiency of the generation
of the measured SERS signal, and, as mentioned in the introduction,
in some cases, it is possible to record SERS signal even from a single
molecule [42,43]. Moreover, in addition to the electromagnetic
enhancement, the efficiency of the generation of SERS spectra is
increased due to the so-called chemical enhancement. For
adsorbed molecules the mechanism of this enhancement is analo-
gous to the standard resonance Raman process. Briefly, the interac-
tion of adsorbed molecules with the metal substrate provides new
electronic transitions for metal (or adsorbed molecule) electrons.
The electrons at the Fermi level of the metal can be virtually
excited into unoccupied molecular orbitals of adsorbed molecule
or the electrons at the highest occupied molecular orbital can be
virtually excited into Fermi level of the metal.
Since its discovery, possible applications of SERS spectroscopy
are rapidly growing, from physicochemical studies on the interac-
tion of molecules with different metal surfaces (for example deter-
mination of: the mechanism of bonding, the orientation of
adsorbed molecules versus the metal surface, the changes of the
structure of the adsorbed molecules upon interaction with the
metal surface) to many analytical applications (especially in envi-
ronmental analysis and in food quality control) including in vivo
analysis of complex biological samples with trace amount of
searched compound. Medical applications have been especially
widely developed because of ultra-low limit of detection (up to
single molecule level), impossible to achieve by many different
analytical methods [38,44-50]. Probes used for SERS experiments
can be stable even for couple of months and with appropriate
design they are non-cytotoxic, in particular when Au nanoparticles
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ent SERS spectrum connected to its structure, so with careful selec-
tion of probes when bands do not overlap multiplexing is possible
at very high level [51-54]. To push SERS towards clinical applica-
tions, cells and tissues are being of interest as a research topic.
Especially in the case of cells, an enormous progress has been made
in experimental approach [54,55].
The first SERS-based cellular studies were performed by addi-
tion of nanoparticles or nanoparticles labelled with Raman repor-
ter molecules to cellular medium and recording the signal from
the random cellular compartments [55–57] and/or Raman reporter
molecules [55,56,58]. That was a big breakthrough, however, the
uptake of nanoparticles and their accumulation in cells were not
controlled and these experiments showed only the pathway of
introduction of nanoparticles inside cells (mainly via endocytosis),
and that it is possible to obtain SERS spectra from proteins/lipids/
DNA present in cells. With this approach, it is possible to monitor
intracellular environment with the use of nanoparticles, from their
uptake process and then distribution within cells [58] up to biolog-
ically important values like pH and redox potential [59,60]
The easiest and earliest approach to monitor pH inside cells by
SERS is to add simple nanosensors into cellular medium and let the
cells endocyte nanoparticles. These nanosensors consist of pH-
sensitive Raman reporter (RR) attached to the surface of plasmonic
nanoparticles (Fig. 4A). SERS spectrum of the RR changes as a func-
tion of pH (e.g., mercaptobenzoic acid or mercaptopyridine can be
used, where carboxylic or amino groups are protonated or deproto-
nated depending on the pH, and as a result changes in the SERS
spectra can be observed). This is called incubation-depletion
method, which is simply incubation of the cells in the media con-
taining the nanosensors, washing out not endocyted nanoparticles
followed by the incubation in pure media afterwards [61]. Then,
SERS measurements are performed and the distribution of
nanoparticles is monitored by SERS spectra of Raman reporter
molecules, from which local pH inside cell is calculated based on
the calibration curve, where the relative intensity of the selected
bands is shown as a function of pH. For example, determination
of pH using mercaptobenzoic acid as a Raman reporter is made
by monitoring the ratio of the intensity of a SERS band at
1430 cm1, assigned to the vibration of the carboxylate ion (which
increases with the increasing pH), to the intensity of a band at
1590 cm1, assigned to vibration of the aromatic ring (which
remains stable in the whole pH range). Kneipp and co-workers
introduced small aggregates of gold nanoparticles functionalized
with mercaptobenzoic acid to the live fibroblast NIH/3T3 cell and
then carried out respective SERS mapping [57]. As a result, they
obtained a map of the distribution of H+ ions (pH) in the living cellFig. 4. Schemes of the preparation of the SERS pH-sensitive nanoprobes. (A) The basic ve
Scheme of bromide anions and PEG-stabilized sensor, procedure adapted with permissi
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divided into regions (see Fig. 5A), where the values of pH were in
the range of 6.2 to 7.4 every 0.2/0.3 pH unit [57]. Since 2010,
Raman equipment developed with enormous increase in resolution
and signal quality, therefore now we are able to obtain much more
detailed maps of the distribution of pH within cells (see Fig. 5B)
[65]. Mercaptobenzoic acid has been also used for the pH SERS
studies of dysfunction of endothelial cells, treated with tumour
necrosis factor alpha (TNFa) [60]. It turned out that in these cells
the distribution of the nanosensors was more uniformed compar-
ing to the healthy cells, suggesting a disruption of the endocytic
pathway leading to nanosensor release into the cytosol or high
increase in the formation of endosomes in TNFa – activated cells.
Recently, Capocefalo et al. performed detailed study on the stabil-
ity and reliability of the mercaptobenzoic acid-based nanosensor
for pH studies [62]. They employed this nanosensor for pHi mea-
surements in non-tumorigenic human keratinocyte (HaCaT) and
tumorigenic human skin melanoma (SK-Mel5) cell lines, however,
the estimated pH was 7.0 ± 0.4, 7.4 ± 0.7 and 6.5 ± 0.9 for HaCaT
and 5.6 ± 0.2, 6.3 ± 0.6 and 5.6 ± 0.2 for SK-Mel5 cells, depending
on which band in SERS spectra assigned to carboxylic group vibra-
tions was selected for the pH calculation. This shows how the
results can vary and indicates that it matters which band is
selected for performing the calibration curve. However, this
nanosensor was useful for the differentiation between two cell
types. Bai et al., in turn, developed nanosensor based on pyridine
molecules that turns off when it is outside the cell, thus to be cer-
tain that the measured values correspond to the intrinsic pH, not
the extracellular environment [63]. In this case, the detected pH
was close to neutral (6.0–7.5) in early endosomes and acidic
(4.5–6.0) in late endosomes or lysosomes. It turned out, however,
that some nanoparticles bound to the cell membrane or adhered
to the dish, emitting unwanted SERS signals outside the cells and
affecting the pH of the culture medium (detected pH values ~ 7.5).
However, it has been shown recently by Scarpitti et al., that the
choice of mathematical approach to the results (e.g. the relative
intensity of the m(COO–) stretch, chemometric analysis of the m8a
mode, or analyzing the frequency shift of the m8a mode) influences
the calculated pH values [64]. Experiments performed on gold
nanoflowers labelled with 4-mercaptobenzoic acid showed differ-
ent sensitivity to some of these sources of error in live cell exper-
iments. pH determination based on Raman frequency shift appears
to give a more reliable pH determination, though in high signal-to-
noise environments, intensity ratios may provide better sensitivity
to small changes in pH for cellular imaging.
Methodology of preparation of pH-sensitive nanoprobes were
developed due to rise their sensitivity and reliability for the biolog-
ical systems applications. For example, H. Guo et al. amendedrsion of the sensor, 4-MPy or other pH-sensitive reporter molecules can be used, (B)
on from ref. [64].
Fig. 5. Probing and imaging pH values in individual live cells using a SERS nanosensor. (A) Photomicrograph of an NIH/3T3 cell after incubation with small aggregates of gold
nanoparticles functionalized with 4-mercaptobenzoic acid with pH map and correlating SERS spectra. Adapted with permission from ref. [57]. Copyright (2010) American
Chemical Society (B) Microphotography of the human cervical cancer cell together with the distribution of SERS signal and pH map of the cell. Au nanospheres labelled with
4-mercaptopyridine and covered with bovine serum albumin (BSA) as a protective layer were used as nanosensors. Reprinted with permission from ref. [65]. Copyright
(2019) American Chemical Society.
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[95]. Briefly, 4-mercaptopyridine (4-MPy) was added to the
solution of gold nanoparticles labelled with surface ligand ascorbic
acid (AA) to replace AA molecules. Then nanoparticles were func-
tionalized with Br (Br electrostatically stabilizes protonated 4-
Mpy, thus enabling sensitive SERS detection of the protonation
state of 4-Mpy as a function of pH while also reducing variability
caused by external halide ions), and stabilized with HS-PEG as
shown in Fig. 4B. These nanoprobes were successfully applied to
measure pH in lysosomes of 4 T1 murine mammary carcinoma
cells, which ranged from 4.8 to 5.5 (±0.1) within different cells,
which is in good agreement with the previous studies.
In a very impressive work by Zhang et al., 3D visualization of
endocytic pathway was shown [66]. The use of cationic polymer
polyarginine significantly improved stability of nanoprobes and
measurements after 8 h since the endocytosis started were possi-
ble. The experiment allowed visualization of local changes in pHi
such as acidification during nanoparticle (NP) endocytosis. In
another 3D experiment, SERS spectra from the functionalized
nano-assemblies which were transported to a cell were recorded
to estimate the local pH on the pathways travelled by the nano-
assemblies [67]. Bando et al. observed a decrease of pHi due to
the lysosome internalization as well as a decrease in pH around
the nano-assembly, which could be induced by a fusion process
of lysosome and endosome.
These experiments are relatively easy to perform, however,
these nanosensors randomly enter the cell by endocytosis and
are trapped in lysosomes, therefore, with this approach we can
only measure the lysosomal pH at different stages [63,68-75]. Also,
as mentioned above, not all nanosensors are enocyted by cells,
therefore some can stick to the cellular membrane, which can lead
to false results [63]. Therefore, modifications of the nanosensors
should be made. For example, nanosensors can be covered with
cell penetrating peptides (CPPs), which enable sensors to target
intracellular regions [76]. Nanosensors modified with these pep-
tides enter the cell via endocytic pathway, but the process is more
effective comparing to the standard sensors’ uptake. Also, proteins
like bovine serum albumin can be used as a protecting layer [61],
additionally they can be marked with a fluorescence dye to track
nanoparticles by fluorescence methods [77]. Apart from facilitating
the uptake of nanosensors, CPPs help to avoid the situation that
majority of nanoparticles are trapped in the lysosomes, and, as a
consequence, their distribution within a cell is uneven [78]. These
short peptides consisting of ca. 5–30 amino acids exhibit low cyto-
toxicity, however, their first generation can be uptaken only to the
intracellular endosomes, thus the presence of additional auxiliary7
compounds or charged polymers is necessary for their release from
these cell organelles, for which these compounds may be toxic. In
addition, they can be inactivated by proteases, so if the uptake pro-
cess last longer (in the case of bigger cargos bound to the peptides),
they can be inactivated before reaching the intracellular
environment.
Despite these drawbacks, Ma et al. successfully used cell pene-
trating peptides to monitor the changes of pH induced by hypoxia
in tumour cells and tissues [35]. Gold nanorods functionalized with
4-nitrothiophenol (4-NTP) and covered with CPPs (CAAAAAAAK
(ME)3, forming biocompatible protective layer and enabling aggre-
gation to increase repeatability of SERS measurements) were used
as nanoprobes. Since hypoxia accelerates overexpression of
nitroreductase, which catalyzes transformation of 4-NTP into 4-
ATP (4-aminothiophenol), SERS spectrum of 4-ATP is pH-
dependent. Such an approach allows monitoring pH changes in live
adenocarcinomic human alveolar basal epithelial cells (A549) and
frozen lung tissue slices. These nanoprobes showed sensitivity to
pH changes within 0.5 unit, however study on repeatability of SERS
spectra is missing, so it is impossible to compare the efficiency of
the methodology with fluorescent studies.
In another study, Zheng et al. used CPPs to study in situ cell
cycle in single live human cervical cancer cells (CaSki) [65]. The
measurements were performed on a home-built in situ micro-
scopic cell culture platform using Au nanospheres modified with
4-mercaptopyridine (4-MPy) and bovine serum albumin (BSA) as
a protective layer. In this case, cysteine-terminated Tat peptide
(YGRRRQRRKKRGC) was selected as CPP. This arginine-rich peptide
with cationic ‘‘character” penetrates the negatively charged plasma
membrane directly without the participation of endocytosis and
accelerates the cellular internalization process. Tat enables much
higher loading density and uniform distribution throughout the
whole cell of nanoparticles offering more reliable pHi distribution
estimation, see Fig. 6. This design of pH nanotags showed the dif-
ferences in the average pH in the cells at the different stages of life
cycle. A gradual alkalization from interphase to prophase was
observed whereas rapid acidification occurred going from prome-
taphase to telophase. This process reflected variation and con-
sumption of species related to the energy storage during the cell
cycle.
Recently, the construction of SERS pHi labels were pushed for-
ward targeting mitochondria [79–81] and nucleus [79,80] by
attaching organelle-targeting peptides to SERS nanotag in the
way similar to the described-above CPPs. According to a report of
Shen and co-workers, mitochondria localization peptide with a
MLALLGWWWFFSRKKC sentence deliver molecular cargo to the
Fig. 6. Comparison of the cellular internalization efficiency of 10 lg/mL nanoprobes without and with Tat peptide. SERS intensity images were produced using the intensities
of 1093 cm1 peak. Reprinted with permission from ref. [65]. Copyright (2019) American Chemical Society.
A. Jaworska, K. Malek and A. Kudelski Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 251 (2021) 119410mitochondria by specifically and precisely processing mitochon-
drial proteases, while nuclear localization peptide
(GGVKRKKKPGGC sequence) transports nanoparticles into the
nucleus or near the nucleus region due to the characteristic
lysine–lysine–lysine–arginine–lysine (KKKRK) sequence [80]. On
the other hand Eling et al. noticed that gold nanoparticles simply
modified with rhodamine 6F are uploaded to mitochondria [81].
Another way to target specific intracellular parts with SERS
nanoprobes is labelling them with specific antibodies targeting
appropriate receptors. In that way the FceRI receptor-mediated
endocytic pathway in RBL-2H3 cells was monitored and different
stages of endosomal maturation were recognized [82] as well as
the temporal and spatial progression of receptors as they traffic
through the endosome–lysosome system was followed in bafilo-
mycin or amiloride-treated cells [83].
A very original experimental approach to pHi measurements is
the use of flexible nanopipette [84], a glass capillary loaded with
gold nanoparticles labelled with mercaptobenzoic acid. They fig-
ured out that the cancerous HeLa cells could effectively regulate
their pHi and better adapt to the weakly acidic extracellular envi-
ronment than normal cells, such as fibroblast cells.
At the end, it is also effective to combine both SERS and fluores-
cence due to increase the precision of measurements and extract
more information about experimental system. For example, Pal-
laoro et al., [85], prepared nanosensors consisting of both SERS-
active 4-mercaptobenzoic acid and fluorescent HiLyte-555 dye to
determine the local pH from the spatially mapped surface-
enhanced Raman spectra correlated with the fluorescence, allow-
ing simultaneous single-particle tracking and local pH sensing.4. Conclusions and perspectives
SERS and fluorescence microscopies are excellent optical imag-
ing tools to determine pH of the intracellular system. While both
techniques offer a similar spatial distribution and penetration
depth in collection of images of cells, fluorescence microscopy
has been already introduced to biomedical laboratories because
it is of relatively low cost and good safety profile for in vitro
research. However, high sensitivity, excellent multiplex capabili-
ties of SERS with the use of a single excitation source, the low back-
ground and minimal photobleaching of SERS nanotags lead to
significant growth of SERS technologies proposed for cell imaging.
Current challenges in the development of both microscopies for the
pHi determination are focused on the synthesis and design of their
ratiometric probes in terms of their biocompability and targeting
specific organelles in, that the probes preserve their detection
capabilities avoiding interferences from microenvironment. The8
majority of FL dyes are lipophilic structures that can be affected
by numerous chemical species in cells and can leak out from cells
and organelles. The FL probes work when their large amounts are
uploaded to the cells whereas SERS probes deliver the signal at
ultralow concentrations. In turn the latter required the construc-
tion of metallic nanostructures of well-defined and uniform nano-
geometry and the position of the pH-sensitive Raman reporter to
achieve highly stable and reproducible signal. Looking at the latest
literature reporting the use of these two methods for pHi measure-
ments we can observe lack of examination of calibration curves for
further pHi calculations – very rarely error bars are included, more-
over, the typical pH range is very wide (not occasionally even
whole pH range) but every 1 unit. We suggest that we should
rather focus on narrower range but with more densely packed
points on the curve as well as to select the sensors providing slop
of the calibration curve big enough to provide reliable calculations.
In the case of fluorescence, ‘‘on – off” system is an interesting
option provided that we are able to select precisely at which pH
value the sensor switches off. In our opinion, so far published data
reliably demonstrate the utility of SERS for showing the differences
in pH between different cell cultures or the cellular response to
some drastic factors like TNFa, buffers with the pH very different
to the cellular pH or heating, however, biological pH changes are
subtle and require stable metallic nanostructures. To provide that,
anisotropic metallic nanostructures like nanostars, nanostrawber-
ries, nanocubes, nanorods and many others should be used, as they
were proven to generate single-nanoparticle SERS. Here an exten-
sive collaboration of chemists and biologists is crucial for further
developing structure of probes with highly selective and non-
toxic properties. Also, we think that it is crucial to compare the
results obtained by different independent methodologies to pro-
vide reliability of the results. Also, SERS offers multiplexing capa-
bilities much wider than fluorescence, as the latter is limited by
the number of different channels in the equipment (right now 5).
In the case of SERS measurements, assuming that one can relative
easy determine the intensity of ‘‘standard” Raman bands separated
by 30 cm1, using a properly selected set of Raman reporters giving
characteristic SERS bands in the spectral region between 600 and
1800 cm1 allows to obtain signals in 40 Raman channels, and
therefore, allows to monitor pH in more cellular organelles simul-
taneously. Comparison of the most important factors for the pHi
measurements using fluorescence and SERS is presented in Table 1.
By highlighting the latest and the most representative reports,
this review summarized current strategies for the detection of
intracellular pH. Translation of SERS technology to biomedical
applications is not yet explored. Several papers showed its impor-
tant advantages. Current efforts should be aimed to consolidate the
technology which will allow rapid large-area imaging, extension of
A. Jaworska, K. Malek and A. Kudelski Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 251 (2021) 119410pH-sensitive Raman reporters and synthesis methods to conjugate
metal nanoparticles with organelle-targeting molecules. More
attention should be also paid to prove highly precise and sensitive
read-out of pH values. Furthermore, most SERS pH indicators are
simply constructed of bare metallic nanoparticles and Raman
reporter what is far from requirements to avoid interference with
cellular biomolecules, significant efforts must be made for design-
ing protective matrix and enhancing biocompatible cell entrance of
the nanotags.
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